Renal artery stenosis remains an important contributor to renal failure in the elderly population, but uncertainty continues to surround the mechanisms underlying progressive renal dysfunction. Here, we present the current understanding of the pathogenic mechanisms responsible for renal injury in these patients, with emphasis on those involved in disease progression.
RAAS Activation
Activation of the RAAS leads to systemic vasoconstriction, salt retention, and stimulation of the sympathetic nervous system, resulting in rapid development of hypertension that aims to restore renal perfusion pressure. However, persistently high levels of angiotensin II activate several mechanisms that promote vascular remodeling and tissue fibrosis within the stenotic kidney (57, 59, 63) . For example, studies in cultured mesangial cells have uncovered unique modulatory actions of angiotensin II on extracellular matrix synthesis through upregulation of signal transduction pathways, activation of early growth genes, and generation of cytokines and growth factors (63) . Similarly, angiotensin II exerts a strong stimulatory effect on transcription of profibrotic factors like transforming growth-factor (TGF)-␤ (79) and plasminogen activator inhibitor (PAI)-1, leading to accumulation of extracellular matrix (21). Hence, maladaptive prolonged activation of angiotensin II can directly lead to renal fibrosis.
In addition to its canonical roles, angiotensin II has been implicated in modulation of the immune system through activation of angiotensin receptor (AT)-1 on inflammatory cells. Increased angiotensin II activity upregulates expression of cell adhesion molecules, promoting recruitment and activation of inflammatory cells, including neutrophils, macrophages, and T-lymphocytes (55) . Similarly, in renovascular hypertensive mice, angiotensin II promotes evolution of vulnerable plaques via a T-helper switch, independently from its hemodynamic effect (51) . These observations are supported by studies in uninephrectomized, spontaneously hypertensive rats that showed that both angiotensin-converting-enzyme inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) decrease renal cell proliferation and suppress infiltration of mononuclear cells, diminishing extracellular matrix deposition and nephrosclerosis (33).
Atherosclerosis
Systemic atheromatous disease is found in many patients with RAS and is commonly associated with risk of progressive extrarenal vascular disease (17). Atheroembolic, atherosclerotic, and hypertensive vascular changes in RAS kidneys correlate with increased prevalence of cardiovascular disease, greater degree of renal dysfunction, and severe dyslipidemia (42) . Furthermore, the severity of renovascular disease in the contralateral kidney does not predict the extent of baseline renal dysfunction, underscoring the importance of intrarenal parenchymal damage, rather than the hemodynamic effects of a given stenosis (16).
The impact of atherosclerosis is likely mediated by many mechanisms described in other sections (FIGURE 1) and by its effects on vascular wall and microvascular remodeling. We have previously shown in swine RAS that coexistence of early atherosclerosis and hypoperfusion aggravates renal functional and structural impairment, characterized by pronounced increases in systemic and tissue oxidative stress, inflammation, and fibrosis (10). Importantly, upregulation of these mechanisms in turn potentiates the deleterious effect of hypoperfusion on the kidney, accelerating the progression to chronic renal failure.
Atherosclerosis impacts in the response to revascularization, likely by inducing irreversible vascular and tubulointerstitial remodeling. Although revascularization of a non-atherosclerotic swine RAS kidney improves renal blood flow (RBF) and restores glomerular filtration rate (GFR) (32), both remain impaired when atherosclerosis is superimposed on RAS (31). In addition, tubulointerstitial injury and microvascular rarefaction persist 4 wk after revascularization in the atherosclerotic RAS kidney, implicating these alterations in the blunted improvement in renal function in patients with atherosclerotic renovascular disease (2, 78) .
Oxidative Stress
Several lines of evidence highlight the involvement of oxidation-sensitive mechanisms in the pathophysiology of RAS. We have shown that unilateral swine RAS is accompanied by increases in systemic levels of isoprostanes and renal expression of oxidative stress markers like NAD(P)H oxidase and nitrotyrosine (28, 31, 81) .
Angiotensin II is a powerful stimulus for ROS generation. Forms of hypertension associated with elevated circulating levels of angiotensin II also show increased superoxide anion radical production (61) . These observations are underscored by direct correlations between plasma renin activity and isoprostanes levels in early RAS (45) . Being potent vasoconstrictors, isoprostanes sustain renovascular hypertension at the chronic phase, in which PRA may decline. Indeed, Tempol, which promotes ROS metabolism, causes rapid dose-dependent reductions in blood pressure and prevents progression to renal dysfunction in several experimental models of hypertension (53) .
Notably, ROS directly impact vascular tone, producing structural and functional consequences in the stenotic kidney. Homologs of the NADPH oxidase subunits are expressed in different regions of the kidney, including the glomeruli, tubules, and vessels, and are upregulated in hypertension (4) . ROS may act as direct vasoconstrictors and produce multiple vasoactive and fibrogenic factors. Furthermore, ROS decreases availability of nitric oxide-favoring predominance of vasoconstrictors like angiotensin II and endothelin-1 (81) .
However, this deleterious pathway can be modulated by antioxidant intervention. Increased oxidative stress in the stenotic swine kidney can be prevented by antioxidant vitamins, and Tempol improves renal perfusion and oxygenation (54) , underscoring involvement of oxidative stress in the pathogenesis of several facets of renal injury in RAS (81).
Microvascular Loss
Remodeling or loss of small vessels in the stenotic kidney accelerate progression of renal injury and are main determinants of the response to revascularization (5, 7). Microvessels (vessels of Ͻ500 m in diameter) are responsible for delivery of blood to the renal parenchyma and possess unique abilities to adapt to local metabolic demands, sustaining renal function in early stages of RAS (47) . Therefore, alterations in microvascular structure or function may lead to hypoperfused FIGURE 1. Schematic of multiple mechanisms responsible for kidney injury in renal artery stenosis Reduced kidney perfusion activates the renin-angiotensin-aldosterone system, triggering inflammation and oxidative stress. Atherosclerosis also promotes oxidative stress and inflammation, leading to apoptosis, mitochondrial dysfunction, and defective angiogenesis. This in turn promotes microvascular rarefaction, which exacerbates oxidative stress and leads to hypoxia and tubular dysfunction, tubulointerstitial fibrosis, and renal failure.
and hypo-oxygenated regions in the kidney, triggering matrix accumulation, interstitial fibrosis, and renal dysfunction.
Importantly, reduced RBF affects not only the number of microvessels in the stenotic kidney but also their structure and functionality. Indeed, 3D microcomputed tomography images obtained from stenotic-kidney of hypertensive pigs 10 wk after induction of RAS shows significant impairment of the microvascular architecture and spatial density (FIGURE 2). Furthermore, superimposition of atherosclerosis aggravates renal microvascular thickening, paralleling the development of fibrosis in the stenotic kidney (11). These observations were accompanied by declined microvascular quality characterized by augmented vessel tortuosity (27, 28).
Multiple pathways may contribute to microvascular damage in the stenotic kidney, including oxidative stress, apoptosis, inflammation, and fibrosis. Interestingly, inflammation damages the microvasculature through a mechanism characterized by "defective angiogenesis." Although inflammatory markers stimulate angiogenesis in early disease (9), neovessels are often tortuous and leaky, allowing inflammatory mediators to extravasate, thereby promoting infiltration of inflammatory cells into the interstitium and aggravating renal parenchymal injury. This stipulation is supported by the coexistence in chronic RAS of increased parenchymal inflammation with reduced microvascular density (80) .
Nevertheless, insufficient angiogenesis also contributes to renal microvascular damage. Downregulation of angiogenic factors, possibly due to increased ROS abundance, is associated with decreased spatial density of cortical (31) and medullary (23) microvessels in the stenotic kidney, suggesting that ongoing new vessel formation constitutes a crucial process in preservation of the renal microvasculature. This notion is supported by the observation that intrarenal administration of angiogenic factors like vascular endothelial growth factor (VEGF) can both prevent and reverse stenotic-kidney microvascular damage and is associated with significant improvement in renal function (7, 8).
Renal scarring may also promote microvascular damage and irreversible renal injury. Tubulointerstitial fibrosis is commonly seen in experimental and clinical RAS, associated with hypertensive vascular changes and microvascular rarefaction (42, 81) . Presumably, accumulation of extracellular matrix limits the ability of budding microvessels to expand. In contrast, the glomeruli are often well preserved until a late stage of the disease. Importantly, permanent changes in microvascular structure likely affect the response to therapeutic interventions. In swine atherosclerotic RAS, interstitial fibrosis aggravates peritubular capillary rarefaction and reduces oxygen delivery to the microcirculation, compromising renal functional outcomes after revascularization (23). Interestingly, in the cortex, loss of outer cortical microvessels selectively correlates with residual renal function after revascularization (31), implicating this section of the microcirculation in maintenance of GFR. However, given that blood vessels in the kidney cortex often perfuse structures in different levels, the responsible glomeruli may in fact reside
FIGURE 2. Representative 3D micro-computer tomography images
Representative 3D micro-computer tomography images from a normal (left) and a stenotic (right) swine kidney, showing decreased number of cortical and medullary microvessels in the hypoperfused kidney.
in the middle cortex. Further studies are needed to elucidate the role attributed to outer cortical microvessels in regulation of renal function.
Hypoxia and Oxygen Consumption
Few putative mechanisms attributed to "ischemic nephropathy" generate more controversy than the role of hypoxia. For many years, the term "ischemic nephropathy" was used to describe RAS, yet the contribution of hypoxia to progression of the disease has been challenged (71), possibly because global renal oxygen consumption has been assessed mostly from the arterio-venous oxygen gradient and may not adequately reflect regional changes in oxygen availability or metabolism.
To assess intrarenal oxygenation, blood-oxygenlevel-dependent magnetic resonance imaging (BOLD-MRI), which evaluates deoxyhemoglobin levels within the kidney, has been applied in experimental and clinical RAS (22, 70, 76) . In swine RAS, cortical and medullary hypoxia increased during gradual renal arterial occlusion (41) , as well as distal to chronic, significant RAS (FIGURE 3), whereas they are associated with lower cortical and medullary volumes, RBF, and GFR (23).
In patients with moderate RAS, despite reduced volume and RBF, cortical and medullary oxygenation is relatively well preserved (35) , suggesting that small and gradual reductions in RBF initially trigger compensatory mechanisms that preserve oxygenation by decreasing oxygen consumption. These observations were confirmed in kidneys of rats with mild RAS (62) . However, compensation for impaired RBF is limited in patients with severe RAS (34) , which results in significant decreases in cortical oxygenation.
In addition to impaired delivery of oxygen, BOLD-MRI offers assessment of functional hypoxia (consequent to changes in renal oxygen consumption) by measuring responses to the loop-diuretic furosemide, which inhibits oxygen-dependent solute transport in the Loop of Henle (76) . A blunted increase in stenotic kidney oxygenation after furosemide implies attenuated oxygen consumption related to tubular transport (23). The associated decreased medullary vascular density, impaired angiogenesis, and augmented oxidative stress, inflammation, and tubulointerstitial fibrosis suggest that these pathways might impair the efficiency of tubular reabsorption, limiting oxygen supply and diffusion. The ability of Tempol to improve oxygen utilization efficiency (54) implicates ROS in the pathological mechanism of renal hypoxia. Nevertheless, attenuated tubular oxygen-dependent transport might be initially a defense mechanism that aims to decrease oxygen consumption and prevent hypoxic injury(23, 24, 34), whereas, at advanced disease, failure to respond may also result from severe and potentially irreversible injury to the renal tubules (70) .
Apoptosis and Mitochondrial Injury
Angiotensin II induces apoptosis via both AT1 and AT2 receptors through generation of TGF-␤, followed by transcription of cell-death genes (3). Additionally, increased numbers of apoptotic cells are associated with an imbalance in the expression of proapoptotic and antiapoptotic mediators in the stenotic kidney (27, 28). Apoptosis, possibly induced by ROS, may also contribute to loss of vascular cells by promoting inflammation and subsequent tissue injury (19). Furthermore, inhibition of apoptosis prevents inflammation and tissue injury in murine renal ischemia-reperfusion injury, implicating apoptosis in inflammation and tissue injury after ischemia (19). Conversely, apoptosis may represent a maladaptive defense mechanism, being less deleterious than necrosis, which may follow severe depletion of ATP and disruption of the cytoskeleton.
Mitochondrial injury often triggers the apoptotic pathway. Opening of the mitochondrial permeability transition pore (mPTP), a channel formed in the inner mitochondrial membrane in response to ischemia, promotes release of cytochrome C into the cytosol, which triggers apoptosis via caspase-3 and -9. Indeed, mPTP inhibitors and mitochondria-targeted peptides attenuate renal damage in experimental ischemia-reperfusion injury (69) . In swine atherosclerotic RAS, intravenous infusion of Bendavia at the time of revascularization preserved renal structure and function, emphasizing the role of mPTP dynamics in modulating recovery after revascularization (27). Further studies are needed to explore the ability of such agents to reduce kidney and target organ damage in RAS. 
Inflammation
Recent studies have underscored the vital contribution of the innate immune system in the pathogenesis of hypertension. Reports regarding a crucial role of T-cell activation in the pathogenesis of hypertension (38, 50) were followed by demonstrations in angiotensin II-induced hypertensive mice that activated T cells infiltrate the kidney and release inflammatory cytokines (48) .
Unilateral clamping of the renal artery in rats is also associated with abundant interstitial chronic inflammatory infiltrates, composed of Blymphocytes, T-helper lymphocytes, and macrophages (73) . Likewise, the stenotic swine kidneys exhibit increased tissue levels of the pro-inflammatory chemokine monocyte chemoattractant protein (MCP-1) and nuclear factor-B, which were associated with impaired renal function (15, 80). The number of CD45 (B-T cells), CD3 (T cells), and CD163 (macrophages) cells infiltrating the kidney is also increased in atherosclerotic RAS pigs (28). Moreover, we recently demonstrated increased number of inflammatory (M1) and decreased number of reparative (M2) macrophages in the poststenotic swine kidney (29). Importantly, CD68ϩ macrophages accumulate in kidney obtained from patients with severe RAS, accompanied by robust TGF-␤ immunoreactivity (36) , underscoring the important role of inflammation in the pathogenesis of RAS.
Inflammatory cell infiltration bears several consequences for the kidney and target organs. The poststentotic kidney with reduced RBF and GFR releases multiple inflammatory cytokines that portend renal injury (24, 25). In agreement, systemic C-reactive protein (CRP) levels and peripheral leukocytes are elevated in RAS compared with essential hypertensive patients and healthy controls (64) , and are associated with higher prevalence of coronary artery disease and mortality (65) . Elevation of systemic neutrophil gelatinase-associated lipocalin levels in RAS patients also implies activation of systemic inflammation (26). Indeed, systemic and kidney-derived cytokines may account for target organ injury in renovascular disease and for some forms of the cardiorenal syndrome (74) . It would be important to determine to what extent levels of these cytokines mirror and may serve as indexes of the extent of renal damage.
Fibrogenic Pathways
A great deal of research has been devoted to understanding how renal scarring and tissue remodeling modulate progression to renal dysfunction. Tubulointerstitial fibrosis is the predominant pattern of injury in human RAS and correlates with progression to renal insufficiency (42) . Therefore, understanding the profibrotic cascade is critical to prevent disease progression and develop targeted interventions to improve renal function in these patients.
Upregulation of profibrotic factors like TGF-␤, PAI-1, or TIMP-1 is commonly observed in experimental RAS (11, 31). TGF-␤ stimulates expression of MCP-1 in mesangial cells through pathways involving ROS generation, suggesting that this cascade promotes progressive renal disease (14). Indeed, abrogation of TGF-␤/Smad3 signaling pathway confers protection against development of fibrosis and atrophy in murine RAS (75) . Given that TGF-␤ expression is elevated in poststenotic kidneys during their remodeling process (although apparently not upon its completion) (36) , it might represent a useful therapeutic target.
Expression of TIMP-1 and PAI-1 is significantly upregulated in the RAS kidney, and both localize to the tubular and interstitial compartments (11). Although TIMP-1 inhibits extracellular matrix degradation, leading to accumulation of fibroblasts and collagen deposition (37) , increased expression of PAI-1 plays an important role in angiotensin IImediated hypertensive kidney and heart injury (44, 79) . TGF-␤ released from the stenotic kidney may play a role in cardiac injury in RAS (74) . Therefore, treatment approaches oriented to block these pathways might prevent the development of fibrosis and subsequent renal dysfunction.
Novel Treatment Strategies
Recently, there has been growing interest in the promising potential of using cell-based therapies in cardiovascular diseases, and their efficacy, safety, and feasibility in ischemic diseases, including RAS. Intrarenal administration of endothelial progenitor cells (EPC) preserves tissue integrity and improves renal hemodynamic and function in the poststenotic kidney (12, 13). Furthermore, delivery of EPC into the stenotic kidney at the time of revascularization preserves oxygendependent tubular function and microvascular architecture, and decreases inflammation and fibrosis, becoming an effective adjunctive therapy to improve renal outcomes in RAS (23).
Mesenchymal stem cells (MSC), mainly isolated from bone marrow or fat tissue, possess unlimited self-renewal capability, unique immunomodulatory properties, and broad differentiation spectrum to produce multiple different cell types (49) . Indeed, administration of adipose tissue-derived MSC induced restoration of the renal microcirculation by suppressing inflammatory cytokines and endoplasmic reticulum stress-induced apoptosis (82) , normalized RBF and GFR, and decreased stenotic kidney fibrosis. Furthermore, in swine RAS, intrarenal administration of MSC during revascularization attenuated oxidative stress, apoptosis, fibrosis, inflammation, and microvascular remodeling (28). This, in turn, permitted significant improvement in renal function 4 wk after revascularization, underscoring the potential of MSC to restore renal cellular integrity and slow the progression to chronic renal failure.
Endothelin-1 is a potent vasoconstrictor that is activated in renovascular hypertensive rats and acts via its receptor (endothelin A), aggravating tissue injury in the clipped kidney (20). Indeed, endothelin-A blockade preserves microvascular architecture and function, and normalizes RBF and GFR in the poststenotic swine kidney (43) . Moreover, endothelin-1 blockers may confer antihypertensive benefits. Further studies are needed to test the efficacy of this tactic in human RAS.
Finally, angiogenic factors like VEGF (7) or hepatocyte growth factor (67) harbor unique vasculo-and renoprotective effects in the stenotic kidney, mainly by preserving the renal microcirculation. Notably, intrarenal delivery of these factors decreased renal scarring independently of changes in blood pressure, becoming attractive candidates for future therapies in patients with RAS.
Lingering Questions
As mentioned before, the role of hypoxia in the pathogenesis of RAS remains controversial. Although BOLD-MRI studies have identified more abundant medullary hypoxic regions in swine RAS compared with normal pigs (41), complex adaptive processes that preserve oxygenation despite substantial reductions in RBF (35) One of the most controversial issues in this field is the ability of renal revascularization to recover kidney function in these patients. Although small clinical trials demonstrated lowering blood pressure and improving renal function (60, 77) , large randomized clinical trials failed to establish major benefits from revascularizing the poststenotic kidney (2, 78) . The recently completed Cardiovascular Outcomes in Renal Atherosclerotic Lesions (CORAL) trial, which evaluates long-term renal and cardiovascular outcomes in RAS patients randomized to optimal medical therapy with or without stenting (52), might provide useful management guidance. Importantly, the mechanisms responsible for the limited renal function response to revascularization remain to be identified, as are indexes to predict its success. We have recently shown in swine RAS that lower basal GFR, decreased tubular oxygen consumption, and preserved endothelial function may predict recovery of GFR after revascularization, whereas elevated release of inflammatory markers is associated with attenuated renal functional recovery, uncovering potentially clinically applicable tools for the identification of patients likely to improve renal function after revascularization (24). Nevertheless, future studies are needed to confirm these results in patients with RAS.
RAS patients frequently have concomitant cardiovascular disease, which contributes to the increased mortality rates (18, 58). However, the mechanism responsible for increased cardiovascular morbidity and mortality in RAS patients remains unclear. In swine RAS, a single intrarenal infusion of EPC improved renal function by reducing renal and systemic oxidative stress and inflammation, preserving remote myocardial microvascular function and architecture, despite sustained hypertension (74) . These observations underscore functionally important cross talk between the kidney and heart, possibly mediated by renal injury signals. Therefore, therapeutic strategies aimed to target these pathways may attenuate cardiac remodeling and dysfunction in RAS patients.
Finally, experimental studies have shown the feasibility of several novel treatment strategies to salvage poststenotic kidney function. For example, intrarenal administration of EPC (12, 13, 23, 29) and MSC (28, 82) in swine RAS attenuates microvascular loss and restores stenotic kidney GFR and mitochondrial targeted peptides (27), blockade of vasoconstrictors (43) , and angiogenic factors (7, 67), which can ameliorate renal damage. Yet, the best strategy to protect the stenotic kidney in patients with RAS remains to be identified. Further studies are necessary to resolve this question and elucidate the mechanisms by which these novel treatments improve dysfunction in the poststenotic kidney (FIGURE 4).
Conclusions
RAS remains an important cause of secondary hypertension in the elderly population, but the mechanisms underlying irreversible kidney injury in this disease have not been fully elucidated. Several deleterious pathways have been implicated in the progression of the disease, including oxidative stress, microvascular damage, inflammation, and fibrogenic pathways. Continuous interactions among them amplify renal injury (FIGURE 1) , accelerating the progression of kidney damage in RAS. Current clinical management in patients with RAS includes the use of antihypertensive drugs that block the RAAS (ACEIs and ARBs), statins, and antiplatelet therapy (39) . However, additional novel treatment approaches that target these deleterious pathways are in the experimental phase. Of these, angiogenic factors (6, 67) and cell-based therapies (12, 23, 28) have demonstrated a potential to address multiple pathways within the kidney to slow progression of renal dysfunction. Development of additional innovative strategies is critically needed, as are new tools to probe kidney injury and indexes to identify patients who are likely to benefit from specific therapeutic interventions. Ⅲ These studies were supported by grants from the National Institutes of Health (HL-85307, HL-77131, and DK-37608), UL1TR000135, and the American Heart Association.
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